A novel self-cleaning polymer composite with self-healing ability to self-repair after chemical and mechanical damage using readily available materials like polydimethylsiloxane (PDMS) and camphor soot particles is developed. With the optimal loading of the camphor soot particles, the composite coating on glass and stainless steel surfaces reveals self-cleaning properties with a water contact angle of 171
Introduction
During the past decade, articially-made superhydrophobic polymeric surfaces that shield against dust and water-borne contaminants have been extensively studied for numerous potential applications including anti-corrosion, anti-fouling, self-cleaning, anti-icing and drag reduction.
1-5 However, their robustness and energy efficiency in an outdoor environment is oen questionable, thus, limiting their numerous practical applications. In addition, fabricating surfaces that can maintain low surface energy (phobic characteristics) during in situ applications to attain long lasting superhydrophobicity is still a challenge. It has been reported that oen this low surface energy gets altered by external factors such as strong acid attack, sun bleaching, mechanical damage such as rubbing, scratches etc. Hence, the design and fabrication of nanostructured self-healing (i.e., maintaining the low surface energy irrespective of external factors) polymeric materials with increased sustainability, excellent energy efficiency and well-dened robustness have been attracting signicant interest within the scientic community in the last few decades. 6 The healing of polymeric materials is based on the fact that the damaged exposed surface will retain its native hydrophobicity by adjusting its surface energy, thereby leading to restoration of superhydrophobicity. Thus, self-healing polymeric materials have gained explicit interest in recent years because these materials offer enormous opportunities where long-term mechanical durability in poorly accessible areas is important.
7
Many approaches of healing strategies have existed for autonomic restoration of microscopic/nanoscale defects and cracks but materials that suffer large-scale damage have not been realized. To solve this problem, mechanically-durable superhydrophobic materials and physical re-mending methods have been developed, but autonomous recovery of superhydrophobicity is more desirable. Among the various self-healing materials, the polymeric composite lms have been the leading materials due to their chemical and mechanical durability. 8, 9 For the development of robust self-healing surfaces, Puretskiy et al. fabricated a selfhealing hydrophobic surface based on the combination of uori-nated crystalline fusible wax and colloidal particles.
10, 11 The matrix, peruorinated wax, was mixed with hydrophilic silane-modied silica nanoparticles with the formation of a hierarchical surface which demonstrated superhydrophobicity with water contact angle of 152 . Although the nanoparticles were removed from the topmost layer by mechanical damage, melting of the wax resulted in reshuffling of the surface micro/nanoparticles and their movement to the surface and restoration of the hydrophobicity. Another approach to improve the durability of a superhydrophobic surface is to use materials with the ability to regenerate the surface topography and/or reinstate the hydrophobicity. For example, Sun and co-workers demonstrated a self-healing porous coating which can be self-healed through the migration of low surface energy uoroalkylsilane to the outermost layer. 12 Similarly, by taking advantage of Layer by Layer assembly, they prepared a self-healing superhydrophobic porous polymeric coating, with a water contact angle of 158
. It possessed micro-and nano-scaled hierarchical structures of polyelectrolyte complexes of poly(allylamine hydrochloride) and sulfonated poly(ether ether ketone) with poly(acrylic acid). 13, 14 The emphasis on restoring mechanical and structural properties of multiple healing areas of self-healing materials is still in its infancy despite their importance as an efficient protective layer.
To date, polydimethylsiloxane (PDMS) is one of the most used surface modiers to generate self-healing surfaces. Introduction of hydrophobic modier and binding agents of different types of materials such as polytetrauoroethylene (PTFE) particles, tetraethyl orthosilicate (TEOS), candle soot, zinc oxide (ZnO), fumes silica and titania nano-particles, oligomeric silsesquioxane (POSS) nano-particles, graphene oxide, graphene, etc. are oen used for the fabrication of superhydrophobic self-healing coatings.
15-21
Many of these materials exhibit excellent results in terms of superhydrophobicity and robustness. Unfortunately, the majority of the reported superhydrophobic surfaces with multifunctional properties are not fabricated cost-effectively. Thus, it remains a big task to develop a novel cost-effective and self-healing superhydrophobic surface with durable mechanical properties, easy to apply over numerous substrates and ability to sustain in complex external environmental conditions.
Camphor soot particles which demonstrate high thermal conductivity and large specic surface area and good compatibility with polymeric materials have been used as efficient llers in the fabrication of superhydrophobic composites. These properties prompt us to believe that incorporating camphor soot particles with appropriate polymeric materials might reveal selfhealing properties with adequate mechanical strength and chemical resistance upon strong acid attack. To the best of our knowledge, no such study has been reported so far. The advantage of using camphor soot particles instead of other nano-llers is that only a small amount of camphor soot is required to achieve a dramatic enhancement in the water repellency behavior due to its multiple low surface energy functional groups.
22
To address the aforementioned challenges, we demonstrate a novel self-healing superhydrophobic material fabricated with camphor soot particles and PDMS which: (1) can restore its selfcleaning characteristics upon damage, (2) can recover the materials' functionality, and (3) can be applied on numerous substrates using simple, low cost and scalable techniques. In this work, the coating materials were tested for durable mechanical robustness by sand impact test. Generally, surface treatment of polymer composites inuences their physical and chemical properties which may have some impact on the prospective applications in pressure sensors, micro-optics, biomedical devices, micro/nanofabrications, etc. 23 Thus, in this study we have investigated the chemical barrier properties of PDMS/camphor soot composites with exposure to 1 M concentrated nitric acid (HNO 3 ) solution. The self-cleaning characteristics of a damaged surface from HNO 3 solution treatment could be automatically reinstated in heat curing and tetrahydrofuran (THF) treatment. The healing performance of the PDMS/camphor soot particles composite surfaces were evaluated with the healing efficiency in terms of healing time and water repellency. The term "self-healing" here refers to the recuperation of superhydrophobicity of the coating. In our study, the polar groups appeared aer oxygen plasma etching and chemical treatment of the surface that led in reduced hydrophobicity, heating the coating layer could increase the mobility of the PDMS/camphor soot polymer chains molecules. As a result of molecular rotation and movement, the introduced polar groups tended to be concealed inside the coating layer and more low surface energy chains became exposed to the surface, thereby healing the superhydrophobicity. In addition, O 2 plasma etching adversely impacts the surface roughness and surface energy of the superhydrophobic PDMS/camphor soot particles. However, it could be automatically healed upon thermal cycle, indicating that the obtained superhydrophobic surfaces demonstrate excellent self-healing ability in both surface energy and surface roughness. Since the functionalities of these coatings are connected to the presence of micro/nano hierarchical structure and surface chemistry at the surfaces in the healing process, the replenishment of the low surface energy at the surface aer impairment, as described later, is required to recuperate the coatings successfully. In addition, we have also focused on the evaluation of mechanical properties of self-healing superhydrophobic camphor soot particle induced PDMS coatings via atomic force microscopy (AFM) force measurements.
Experimental section

Materials
Camphor (96%), ethanol (reagent grade), acetone (HPLC phase > 99.9%), tetrahydrofuran (THF, anhydrous, 99.9%), nitric acid (70% concentration), diglycidyl ether of bisphenol A (DGEBA) and polyimide resin were purchased from Sigma-Aldrich, USA and used without further purication. A camphor tablet of 5 Â 5 Â 2 mm size was used as the source materials for generation of carbon soot particles. Camphor tablets were red by using a lighter, which generated necessary ames. A single camphor tablet (7 Â 5 mm) was placed in a silica crucible, and the entire assembly was kept inside a polycarbonate chamber. The camphor soot particles were collected on a glass substrate placed 50 mm above the ame for 10 to 15 s. The step-wise procedure for the collection of soot particles is schematically shown in Fig. 1 . During the stipulated time period, the emitted soot particles were collected in a layered pattern over the glass substrate. The collected camphor soot particles were stored in glass bottles at room temperature and atmospheric pressure without any post treatment. In addition, sublimation did not occur during camphor combustion process.
22 Polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit with components of PDMS base and curing agent) was purchased from Dow Corning Ltd. Commercial stainless steels plate (30 Â 20 Â 1 mm) and microscopic glass slide (Fisher Scientic, 75 Â 25 Â 2 mm) were used as the substrate materials for the coating process. Deionized water used for measurement of the water contact angle experiments was generated by a Millipore water system. For the fabrication of coating on substrates, a spray gun (1.5 mm diameter nozzle size with operating pressure >40 psi and working pressure >10 psi) was purchased from the local market.
Preparation of PDMS/camphor soot composite solution
Preparation of PDMS/camphor soot composite solution is comprised of three steps. In the rst step, 0.1 g of PDMS was mixed in 30 mL of THF using a magnetic stirrer for 45 min at ambient temperature to form Solution-1. Similarly, 0.01 g of the corresponding curing agent was dissolved in 30 mL of THF to form Solution-2. In the second step, both Solutions-1 and 2 were mixed together to form a PDMS/THF Solution-3 (1%, w/w). In the third step, camphor soot particles (PDMS/camphor soot particles, 1 : 1 mass ratio) was dispersed in the prepared PDMS/ THF Solution-3 and subjected for ultrasonication for 10 min to form a coating solution. Similarly, a base-coat solution of epoxy resin was prepared by dissolving 0.3 g of DGEBA and 0.2 g of polyimide resin in 20 mL of THF with the aid of a magnetic stirrer.
Fabrication of superhydrophobic surfaces
Prior to the coating process, the glass substrates and stainless steel substrate with required dimensions were ultra-sonicated (Sonicator, Model EI-6LH-SP, Sl no. 1209-122) at 20 kHz and 20 W in 20 mL ethanol/water for 30 min followed by deionised water for 5 min. The cleaned glass substrates were used as the base material as well as for the collection of soot particles. The preparation of superhydrophobic PDMS/camphor soot composite comprised of three steps. In the rst step, the substrates were immersed into the prepared epoxy coating solutions for 30 min and cured at 50 C for 48 h to obtain a primary coating. In the next step, these epoxy coated samples were spraycoated with PDMS/camphor soot composite solution. During the spraying process, the gap between the substrates and nozzle of the spray gun maintained was 100-150 mm. The duration of spraying was 30 s, and the process was carried out ve times for each sample to obtain a thin homogeneous coating. Finally, the PDMS/camphor soot coated substrates were cured at 80 C for 3 h to obtain the stable superhydrophobic surface. The thickness of the nal coating was 50-60 mm.
Measurement of static and dynamic water contact angle
Sessile drop water contact angles (WCA) and dynamic water contact angle were measured using a custom-made contact angle measurement instrument located in Micro & Nano-scale Transport Laboratory, Lassonde School of Engineering. The static contact angle was recorded by dropping a water droplet having a volume of 6 mL on the surface and recorded aer 30 s of droplet stability. The advancing and receding contact angles were measured by increasing and decreasing of a water droplet of 6 mL, respectively. Each WCA was an average of ve different locations on the samples. The sliding angles were obtained four times for each sample by tilting the sample with a droplet on it until the droplet began to slide.
Robustness test of PDMS/camphor soot composite lms
To investigate the mechanical resistance of the coating, sand abrasion test was performed. The PDMS/camphor soot composite surface was abraded by sand grains with average particle diameter of 200 mm from a height of 10 to 70 cm at 45
angle. The impact time for each sand abrasion test was approximately 120 s. For each sand impact test, the drainage rate of the sand grains was controlled at approximately 1 g s À1 .
Furthermore, the thickness of the coating was also measured aer each abrasion test.
Healing test of PDMS/camphor soot composite lm
The composite lms were subjected to O 2 plasma treatment to destroy the surface chemistry. The O 2 plasma treating was conducted with a plasma cleaner (Haric Plasma, PDC-001-HP (115 V); PDC-002-HP (230 V)) at 110 
Material characterization
The morphology of PDMS/camphor soot particles composite lms were characterized by SEM (Scanning Electron Microscopy, Quanta 3D FEG, FEI, Hillsboro, Oregon, USA). Furthermore, high-resolution Transmission Electron Microscopy was (HR-TEM (FEI Tecnai TF20 operated at 200 kV)) performed to analyse the morphology of camphor soot particles. XPS measurements of were carried out on a Thermo Scientic KAlpha XPS spectrophotometer (E.grinstead, UK) to detect the presence of surface elements. Thermo Advantage soware (version 5.926) was used to perform curve tting and to calculate the atomic concentrations. Raman microscopy imaging for the polymer composites samples was performed using a Renishaw inVia Reex Raman microscope (Renishaw Inc., Illinois, USA) equipped with 514.5 nm Ar laser (Modulaser Model, Centerville, UT, USA), a 1800 line per mm grating and a CCD (charge-couple device) detector which provides a spectral resolution of approximately 1 cm À1 . The laser was focussed onto the sample using 20Â NPLAN objective (NA ¼ 0.40), and the laser power was measured at 3.5 mW at the sample. Raman imaging maps were collected in Streamline™ mode using a range of 1100-1700 cm À1 and a 60 s of acquisition time. The pixel size for the maps was 3 mm Â 3 mm. The resulting Raman spectra from maps were deconvoluted with a 5 peak t using the WiRE™ soware (V3.4). 24 The Raman images were processed using Gwyddion imaging process soware (V2.45). The instrument's calibration was veried using a Si(110) reference sample, which was measured at 520 cm À1 . Atomic force microscopy (AFM) analysis was performed using an Agilent 4500 AFM microscope (Agilent Technologies Ltd., Tempe, AZ, USA) operating in intermittent contact mode. A silicon cantilever (NSG-L, K-Tek Nanotechnology LLC, Wilsonville, OR, USA) with specications of a force constant of 58 N m À1 , resonant frequency of 190 kHz, and a tip curvature radius of less than 10 nm was used for topography imaging. The imaging was done at a scan rate of 0.3-0.5 line per s (512 pixels per line) and a set-point oscillation amplitude to free air oscillation of 0.75-0.85 with resonant amplitude of 5-6 V. Scanning Probe Image Processor (version 5.1.6) (Image Metrology, Horsholm, Denmark) was used for image processing. Similarly, nanoscale mechanical testing was performed with a Si cantilever (Vistaprobes, Nanoscience Instruments, Tempe, AZ) with a manufacturer's specication of a force constant of 3 N m À1 , and a radius of curvature less than 10 nm. The deection sensitivity was calibrated using a fresh piece of mica. All force-displacement curves were performed under ambient conditions, and curves were collected from 4-5 different locations on the samples. To perform characterization of the mechanical properties, we have considered four parameters such as stiffness (d), maximum indentation force (F max ), plastic work (W plastic ) and effective adhesion work (W adhesive ).
The slope of the retraction curve provides the stiffness of the surface. Similarly, the effective plastic work and the effective adhesive work are given by the integrals of force over displacement on approach and retract, respectively.
Results and discussion
The surface structure of the PDMS/camphor soot composite coating developed via the solution immersion and spraying technique is shown in Fig. 1a and b. As shown in Fig. 1a , a glass slide is held above the ame of a camphor tablet for the collection of soot particles. The camphor soot particles are comprised of carbon nano-particles with the diameter of 40-100 nm that are loosely connected by van der Waal forces (Fig. S1a †). 25 Fig . 1b illustrates the detailed strategy for fabrication of our superhydrophobic self-healing coatings. A mechanically durable robust superhydrophobic PDMS/ camphor soot composite surfaces were generated using simple spraying technique followed by solution immersion process. Fig. 1c shows the FESEM image of the PDMS/camphor soot coatings aer curing at 80 C for 3 h. It can be seen that the surface is uniformly and densely covered with micro/nanofeatures with sufficient roughness to demonstrate the selfcleaning effect. In addition to SEM, the roughness of the superhydrophobic glass surface was examined by AFM of plain PDMS/camphor soot composite lm. As shown in Fig. S1b , † the surface structure illustrates micro-scale roughness superimposed with nanostructures, which reveals a high root-meansquare (rms) roughness of 1491 nm. The inset image in Fig. 1c demonstrates the shape of a water droplet (water contact angle of 171 AE 0.5 ) on superhydrophobic PDMS/camphor soot composite surfaces. It is remarkable to notice many protrusions that uniformly cover the surface and trap the air in between them, which is essential for enhancing superhydrophobicity.
26
This superhydrophobicity is reected by the high contact angle for a wide variety of uorescent colored water droplets ( is observed that a 6 mL water droplet possess a contact angle of more than 165 with contact angle hysteresis less than 6 . With respect to surface roughness and low surface energy of the PDMS composite layer, a very small contact angle hysteresis of 2-4 is revealed. This is because most commonly used coatings developed by brushing, spraying and spin-coating techniques do not reveal self-cleaning properties. Thus, we demonstrate in Fig. 1f that the PDMS/camphor soot composite surface coated glass slides exhibited excellent water repellent properties. This is evident by the fact that 6 mL of water droplets rolled off easily on tilted surface with a tilt angle of 5 without leaving any sand grains behind on the PDMS composite surface, which illustrates self-cleaning property (Movie clip S1 †). As shown in Fig. 1f , the time lapse snapshots were taken before and aer owing of water droplets on the coated surfaces to understand the selfcleaning effect of the surfaces. It is observed that an average time duration of 0.15 s is required for 6 mL water droplets to roll off on PDMS/camphor soot coated surface.
Sand abrasion test of PDMS/camphor soot composite surface
To date, the poor mechanical stability of superhydrophobic surface is one of the greatest problems, which limits their wide use in industrial applications. In the real world applications, even a minor scratch or a small external force could destroy the surface topography and reduce the superhydrophobicity. In an effort to evaluate the mechanical durability and robustness of the prepared superhydrophobic PDMS/camphor soot composite lms, sand impact test was carried out using a custommade sand impact tester. As shown in Fig. 2a , the spray-coated composite lms were attached at an angle of 45 and impacted with sands grains (average diameter 200 mm) from a height varying between 10 cm to 70 cm. Aer sand impact test, the surfaces remained superhydrophobic, i.e., water droplets rolled off easily. The sand impact test was controlled at approximately 1 g s À1 . The durability of our superhydrophobic PDMS/ camphor soot composite lms against impacting can be computed by measuring the impact energy of sand grains as shown in eqn (1):
Here 'r' is the density of silica sand grains (2 g cm À3 ), 'g' is the acceleration due to gravity, 'h' is the height of impact and 'r' is the average radius of sand grains (i.e., 100 mm). The corresponding static contact angle of PDMS/camphor soot composites lms were calculated aer each impact test, as shown in Fig. 2b . Aer each impact test, the sliding angle was measured, which demonstrates that PDMS/camphor soot composite lms have excellent water repellency tendencies (Fig. 2b) . This demonstrates that original superhydrophobicity of the surface is restored aer it is impacted by sand grains from a height of 10-70 cm corresponding to the impinging energy of 8.3 Â 10
À9
to 58.64 Â 10 À9 J g À1 (Table S1 †) .
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To investigate the stability of our superhydrophobic PDMS/ camphor soot composite lms toward outdoor applications, we quantied the corresponding impact velocity (V impact ) of sand grains as:
Considering the radius of sand grains (r ¼ 100 mm) and their density (2 g cm À3 ), our superhydrophobic surfaces could withstand impact velocities up to 13.45 km h À1 .
19,27 As shown in Fig. 2c , although the surfaces are roughened aer being impacted several times, they still demonstrate superhydrophobicity with water contact angle up to 164 and sliding angle less than 10 . Furthermore, Fig. 2d clearly illustrates the shape of water droplets which reect the superhydrophobicity of the composite surfaces. The slight decrease in the water contact angle and a little increase in the sliding angle reveal that a partial loss of surface energy and its texture during the sand impact process. The magnied image reveals collapsed micro/ nano structures aer being sand blasted from a height of 70 cm (i.e., E impinged of 58.6 Â 10 À9 J per grain with I velocity of 13.4 km h À1 ). Such collapse of the microstructure of the coating surfaces was comprised of a network of camphor soot particle covered with PDMS. Furthermore, mechanical durability of the coatings is not yet clearly understood because of the partial loss or breakage of the texture of the surface during sand impact test. Thus, we have measured the water contact angle and thickness of the coatings aer each abrasion test. It is seen that the thickness of the coatings is maintained between 50-60 mm despite partial damage of texture. As thicker coatings illustrate more damage resistance against sand impact, hence partial damage of texture does not affect the thickness and wettability of the coatings. To further study the adhesion of the coatings, we have immersed the samples into an ethanol solution for 2 h, which was later ultra-sonicated for 30 min. The surfaces still keep water contact angle >165 and a sliding angle of 4 , aer the ultra-sonication process. Further, this result signicantly conrms excellent adhesion and robustness of the coatings. Therefore, the mechanical durability of PDMS/camphor soot composite surfaces can signicantly increase the lifespan and enhance the reliability amid harsh conditions in outdoor applications. The mechanical durability of the obtained PDMS composite coating was investigated using sand grains impact and ethanol immersion test. The sand grain impact experiment, as shown in Fig. 2 , simulate the necessary outside harsh environment such as impact from rain drops, etc.
Recovery of superhydrophobicity on PDMS/camphor soot composite surfaces
The self-healing ability of spray coated superhydrophobic PDMS/camphor soot is examined by etching with O 2 plasma. It is seen that the etched sample under plasma treatment for 30 s turned the superhydrophobic coatings into superhydrophilic ones. It was found that the surface was instantly wetted by a drop of water. This transformation to superhydrophilic is caused by the decomposition of the PDMS composite coatings and the incorporation of polar groups into the surfaces. 28 The damaged surface of original superhydrophobic composite lms reorganize its texture aer being exposed to ambient temperature for 2-3 days. This indicates that the hydrophilic PDMS composite surface is again covered with hydrophobic PDMS/ camphor soot layer. During heat treatment, the induced low surface energy molecules were ejected and migrated on the surface and reorganized to lower the surface energy, thereby enhancing the hydrophobicity.
29 Fig. 1c and 3a show the FESEM images of the PDMS/camphor soot composite surface before and aer O 2 plasma treatment. It is clearly seen that there is no noticeable variation of surface microstructure aer O 2 plasma treatment. However, the variation of surface chemistry of the surface upon O 2 plasma etching would be the main aspect that brings the change of surface wettability. As demonstrated in Fig. 3a , aer O 2 plasma treatment for about 30 s, the superhydrophobic PDMS/camphor soot composite lms become superhydrophilic and recuperate its superhydrophobicity aer heating to 125 C for about 30 min. Thus, conrmation of the self-healing ability of the coatings was examined by consecutively exposing the superhydrophobic PDMS/camphor soot composite lms to O 2 plasma treatment and heating cycles. From Fig. 3b , it is clearly seen that aer 12 cycles of etchinghealing practice, the surface regains its superhydrophobicity, which suggests that the prepared PDMS composite surface has an excellent self-healing ability. Furthermore, the increase in the number of cycles does not require more time than 30 min to regain the superhydrophobicity of the surfaces, indicating that healing of the surface is consistently maintained for each cycle.
The rearrangement of the PDMS polymer chain may be restricted due to the introduction of camphor soot particles in the PDMS composites, which minimizes the degradation of PDMS chains. Thus, during O 2 plasma treatment the introduced -OH groups do not get disturbed by each healing cycle. To best of our knowledge, there is a very limited report about such composite surfaces up to till now, which describes selfhealing performance of coatings without degradation of PDMS chains. Fig. S2 † illustrates the variation of water contact angle of the O 2 plasma etched PDMS/camphor soot composite lms correspond to the healing time at 125 C. It is clearly observed that the water contact angle rises as the heating time is increased, and it restores its superhydrophobicity aer 30 min. Furthermore, it is also observed that aer each etching-heating cycle, the sliding angle of the surface is enhanced signicantly. Thus, water droplet remains sticking to the surface even with the surface being turned upside down. 31, 32 To verify this, the self-cleaning effect (Movie clip S2 †) of the coating is examined, as shown in Fig. S3 . † A water droplet having volume of 6 mL was deposited on the coating surface followed by tilting the surface until the water starts to roll off. It is clearly observed that 6 mL of water droplet takes an average of 0.15 s to roll off on the surface. Fig. 3c shows the FESEM image of a healed surface, which is treated by O 2 plasma followed by heating. The surface morphology and roughness of the oxygen plasma treated PDMS/ camphor soot composite coated glass slides and same surface healed upon heating were further examined by AFM. As illustrated in Fig. 3d , the 3D AFM images of the O 2 plasma treated PDMS/camphor soot composite surface reveals rms roughness of 1303 nm. Upon oxygen plasma treatment of PDMS/camphor soot, the surface roughness decreases from 1491 to 1303 nm. It indicates that upon O 2 plasma treatment, the surface microstructure becomes smooth. However, aer heating at 125 C, for 30 min, the surface microstructure recovers completely. One can observe that as the heating time is increased to 30 min, both restoration of micro/nano surface structure and the surface WCA increase, further conrming the enhanced effect of surface microstructure on surface wettability (Fig. 3e) . When the damaged PDMS/camphor soot composite surface was heated, sublimation of camphor did not occur. Fig. 3f and g 3.2.1 Self-healing and self-cleaning ability of O 2 plasma etched PDMS/camphor soot particles composite surface. Superhydrophobic surface with self-cleaning property can be generated by the combination of surface topographies and low surface materials. The obtained self-healing property of PDMS/ camphor soot particles composite lms can be attributed to the following reasons: (1) re-organization of surface micro/nano structures, and (2) migration of low surface energy functional groups to the outer surface during heating process of plasma etched samples. X-ray photoelectron spectroscopy (XPS) was used to analyze the surface elemental composition of PDMS composite coatings. It reveals the chemical composition and elemental composition on the surface of the coatings. As shown in Fig. 4a , XPS spectra of PDMS/camphor soot composite lm and O 2 plasma treated PDMS/camphor soot composite lm for 30 s reveal some changes in the elemental composition. For example, the Si 2p signal of PDMS composites did not change aer the treatment while the O 1s signal increased and C 1s signal decreased aer the plasma irradiation (Fig. S4a †) . 30 Upon plasma treatment, the generation of hydroxyl groups on PDMS composite lms surface causes the changes in C 1s and O 1s signals.
Curve tting of C 1s, O 1s and Si 2p 3 XPS spectra of PDMS composite lm, plasma treated PDMS composite surface and plasma treated PDMS composite surface healed by heating were performed by Gaussian-Lorentzian peak shape aer performing background corrections (Fig. S5 †) . 33, 34 Effects of these macroscopic observations on wettability were supported by angle-resolved XPS in which the chemical composition of surfaces was demonstrated (Table S2 †). Three major peaks of Si 2p 3 , O 1s, and C 1s detected in the survey scan were investigated at high-resolution to examine the major components of PDMS composites, i.e., carbon, oxygen and silicon (Fig. S5a-i †) The repeating units (-OSi(CH 3 ) 2 -) of PDMS illustrate the hydrophobicity of the composite lms. However, this chemical structure leads to a hydrophilic state upon exposing this surface to O 2 plasma that introduces silanol (Si-OH) groups and destroys methyl groups (Si-CH 3 ), making the surface hydrophilic. 35, 36 The main peak of C 1s spectrum of PDMS composite surface (Fig. S5a †) , plasma treated PDMS composite surface (Fig. S5d †) and same surface healed by heating (Fig. S5g †) at 284.5 to 284.63 eV are assigned to C-C and C-H bodings. In addition, another four peaks also existed with chemical shis of +1, +2, +3.5 and +3.9 eV for each PDMS composite surfaces, which are typically assigned to C-O (hydroxyl carbon), C-O-C (epoxy carbon), C]O (carbonyl carbon) and O-C]O (carboxylate carbon) functional groups, respectively. It is clearly seen that upon plasma treatment of PDMS composite surface, the percentage of O 1s peak at 284.63 eV decreases from 93.38% to 87.39%, while the percentage of other oxygen species increases signicantly.
37,38
The percentage of functional groups containing oxygen also reduces for PDMS/composite surface healed by heating (Table S2 †) . The large full width at half maximum (FWHM) of Si 2p 3 peaks at 102.03 eV decreases from 1.23 to 1.15 signicantly upon plasma treatment of PDMS composite surface and further increases for healed surface upon heating, while for Si 2p 3 , the peak at 103.51 eV increases from 1.23 to 1.39 and signicantly reduces upon heating. However, FWHM of C 1s peak increases from 1.09 to 1.20 signicantly upon plasma treatment of PDMS composite surface and further decreases for healed surface upon heating.
39 As illustrated in Fig. 4b , upon O 2 plasma etching of PDMS composite surface for 30 s, many polar groups are generated which cause superhydrophobicity. When the PDMS composite coating was damaged using plasma treatment, the hydroxyl groups (-OH) are induced, thus exhibiting to superhydrophilicity and increasing the surface free energy. However, aer exposure to 125 C for 30 min, the damaged surface restored its micro/nano structure and illustrated superhydrophobicity. As the glass transition temperature of PDMS is very low, the mobility of molecular migration as well as the rotation and movement of PDMS chains occurred. As it is a thermodynamically driven process, it reduces the surface energy of the chains. As a result, the introduced hydrophilic groups tend to be hidden inside the coating layer, and more PDMS structures were exposed to the surface, thus resulting in the restoration of micro/nano-structures. In contrast, O 2 plasma treated surface recognizes its microstructure and covers with hydrophobic non-polar groups upon heating at 125 C for 30 min. Raman spectroscopy is a benecial tool in evaluating the structural features of carbonaceous materials as it is sensitive to both crystalline and amorphous polymorphs of carbon. As shown in Fig. S6 † and 5 , the plain PDMS/camphor soot composite lm and O 2 plasma etched composite lm show the development of D and G bands at variable intensities. Raman spectra of plain PDMS/camphor soot composite lm showed the signicant increase in two broad bands at 1350-1365 and $1600 cm À1 . The characteristic broad bands in the Raman spectra at 1350-1365 and 1537-1540 cm À1 represent the defect (D band) and graphite (G band) carbon structures, respectively.
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The Raman spectra in the range of 1100-1700 cm À1 were deconvoluted and curve-tted into four pseudo-bands, namely S L , D, G R and G. The S L band (1202-1229 cm À1 ) was assigned to C-H on aromatic rings and C-C on hydroaromatic rings mostly C aromatic -C alkyl and aromatic (aliphatic) ethers. 41 The S L band is considered as the measurement of cross-linking density and substitution groups. The S L band in carbon (soot), representing sp 2 and sp 3 structures, are the favoured sites for reaction with O 2 . The G band originates due to aromatic C]C quadrant ring breathing of graphite structure, which refers to the polarization of atomic-plane optical modes of graphitic moieties. 42 On the other hand, the D band is attributed to highly ordered C-C groups between benzene rings and defects in the graphite structure. 43 The shoulder band G R (1537-1540 cm À1 ) represents amorphous carbon having 3-5 aromatic rings.
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The band area ratios such as D/G and G/S L were determined by using the spectral area count and through Raman mapping.
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The D/G ratio describes the concentration of aromatic rings in soot containing six or more fused benzene rings. A higher D/G ratio indicates increased evolution of aromatic rings due to the dehydrogenation of hydroaromatic compounds. 43 The increase in the aromatic rings is characteristic to carbon particles produced at higher temperatures which make them resistant to subsequent thermal devolatilization. 40 
Self-healing and self-cleaning performance of nitric acid etched PDMS composite lms
It was notable that PDMS based composite systems strongly resist acids such as HCl, H 2 SO 4 , and HNO 3 . Wettability properties of the prepared PDMS/camphor soot composite lms were tested qualitatively by immersing them in 1 M HNO 3 solution for 48 h. As shown in Fig. 6a , aer HNO 3 etching for 48 h, the surface of the PDMS/camphor soot composite became hydrophilic with a water contact angle of 30 , indicating that the PDMS composite surface layer was distorted completely and converted to high energy surface. However, the acid etched PDMS composite regains its superhydrophobicity with a water contact angle of around 162 aer heating at 50 C for about 35 min. This etching and healing process can be repeated for six times showing that the PDMS composite surface have a strong ability to heal and regain the compromised superhydrophobicity. It was observed that the water contact angle increases with the time lapse, which restores its superhydrophobicity aer 35 min (Fig. S7 †) . Furthermore, the healing ability of PDMS/ camphor soot composite surface was conrmed by consecutive HNO 3 treatment and heating cycles. Lowering the surface energy and recovering damaged surface of the HNO 3 etched coatings under heating is possible; however, it is time consuming due to limited movement of cured PDMS composite layer.
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As shown in Fig. 6b , it was found that aer heating of HNO 3 etched PDMS/camphor soot composites lms at 50 C for 35 min, the outer surface of camphor soot particles covered PDMS lowers its surface energy and regains its superhydrophobicity. Therefore, THF assisted healing of HNO 3 etched PDMS composite layer was also investigated. As shown in Fig. 6c , aer immersing in 1 M HNO 3 solution for 48 h, the surface of the PDMS composite reveals water contact angle of 30 . However, the same acid etched PDMS composites treated with THF for 5-10 s followed by heating for 5 min turns the coating superhydrophobic with water contact angle of around 159 . Therefore, THF assisted heating could be used to efficiently heal the superhydrophobic coatings. Aer THF treatment for 5-10 s, the camphor soot particles covered PDMS surface swells and are selfdriven towards the outer surface and healed the coatings to restore its superhydrophobicity upon heating for 5 min. As shown in Fig. 6d , aer six cycles of THF healing, the surface comprising of micro/nano-protruded particles could repair the coatings and restore its superhydrophobicity. Aer six cycles of THF assisted healing cycles PDMS/camphor soot composite coatings also exhibit water repellency. As shown in Fig. S8a-d and Movie clip S3, † the water droplet could easily and freely roll off across the surface (tilt angle ¼ 7. 3 ) without leaving any sand grains, which illustrates the selfcleaning effect of the THF healed PDMS/camphor soot composite surface. Similarly, the surface morphology and roughness of the plain PDMS/camphor soot composite coated glass slides and HNO 3 etched PDMS/camphor soot composite lms were further examined by AFM. As illustrated in Fig. 6e , the 3D AFM images of the plain PDMS/camphor soot composite surface reveals rms roughness of 1491 nm. It indicates the smoothness of the surface. Aer HNO 3 etching of PDMS composite lms for 48 h, the surface roughness increases to 1921 nm. It indicates that upon HNO 3 treatment, the surface micro structure is more distorted. In Fig. 6f , it is clearly visible that aer HNO 3 solution treatment, surface becomes more roughened which would be the main factor that induces the change of surface wettability. 3.3.1 Self-healing ability of acid etched PDMS/camphor soot composite lms. In order to elucidate the self-healing ability of the obtained HNO 3 immersed PDMS/camphor soot composite surface, XPS analysis was performed to analyze the chemical compositions and the amounts of C-C, C-O, Si-O bonding of HNO 3 etched PDMS/camphor soot composite surface as shown in Fig. 7a . It can be seen that the Si 2p signal of PDMS composites did not change aer the treatment while the O 1s signal increased and C 1s signals decreased signicantly aer the heating-healing process (Fig. S4b †) . The HNO 3 etching of untreated camphor soot particles reveals nitrate peak at a binding energy of 405 eV as shown in Fig. S9 . † However, this nitrate peak is not revealed upon acid etching of PDMS/camphor soot composite lms. Upon immersion in HNO 3 solution for 48 h, the generation of -OH groups on PDMS composite lms surface causes the changes in C 1s and O 1s signals.
Curve tting of Si 2p 3 , C 1s and O 1s XPS spectra of PDMS composite lm, HNO 3 solution treated PDMS composite surface and healed by heating and THF treatment were performed by Gaussian-Lorentzian peak shape aer performing background corrections (Fig. S10a-i †) . Effect of these macroscopic observations on wettability was supported by angle-resolved XPS in which the chemical composition of surfaces was demonstrated (Table S3 †) . As shown in Fig. S5 , † XPS spectra such as Si 2p 3 , O 1s, and C 1s were illustrated at high-resolution to examine the major components of PDMS composites. It is clearly seen that upon HNO 3 solution treatment and healing process, the peak at 102.0 eV at the surface of PDMS composite shis signicantly to lower binding energy (101.8 eV), and the peak at 103.5 eV shis to lower binding energy (103.3 eV). For HNO 3 etched-healed PDMS composite surface, the Si 2p 3 peak at 102.0 eV is broad, thus being decomposed into two peaks using mixed GaussianLorentzian curve tting. These two peaks at 101.7 and 103.3 eV correspond to oxidized silicon.
For the surface healed by heating, at 103.3 eV the content of Si 2p 3 increases from 27.24% to 28.30% (Table S3 † 38,39 However, the same surface healed by THF followed by heating for 5 min, the content of O 1s peak decreases from 21.53% to 17.68% (Table S3 †). As illustrated in Fig. 7b , we have presented a strategy for designing self-forming and continuously self-regulating systems that are able to maintain a self-heal coating. Upon 1 M HNO 3 treatment of PDMS/camphor soot composite lm, the top composite surface layer is distorted which enhances the surface energy and damage the surface topography. However, the self-healing activity of the composite layer is triggered or accelerated upon heating at 50 C for 35 min. For temperature triggered surfaces, morphology of composites controls the mobile hydrogen bonding sites in the networks of PDMS/ camphor soot composites and demonstrates self-healing ability. Similarly, HNO 3 treated PDMS/camphors soot composite lms restored its superhydrophobicity upon THF treatment for 5-10 s followed by heating at 50 C for 5 min.
Upon THF treatment, content of silica surface covers by hydrophobic groups (C-H) which lowers the surface energy and enhances the water contact angle. In addition, upon THF treatment, the surface of PDMS/camphor soot composite surface replaces the hydroxyl (-OH) groups by methyl groups of PDMS/camphor soot composite surface. Specically, upon THF treatment of the distorted composite surfaces (acid etched), rapid evaporation of the solvent triggers crosslinking of the polymer network, which swollen the surface. Because of mixing of solvent (THF) and non-solvent (water/HNO 3 ), phase separation process occurs. Furthermore, camphor soot particles are considered as mobile component that can autonomously migrated to the damaged area during rearrangement of the polymer networks upon heating at 50 C for 5 min. [43] [44] [45] The driving force for particle expulsion from the composite surface is the gain in entropy of the polymer chains. It indicates that acid attacked polymer composite surface can be healed by THF treatment followed by mild heating.
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The Raman maps and D and G bands for acid etched PDMS/ camphor soot composite lm are shown in Fig. 8 . In contrast, the D/G ratio of PDMS/camphor soot composite lm (2.3) is higher than acid etched PDMS/camphor soot composite lm (2.2), suggesting a relatively lower thermal stability of acidetched PDMS composite lm. The Raman mapping was performed for D and G bands as well as D/G band ratio. The G/S L ratio is the fraction of C]C graphitic structures to C aromatic -C alkyl aromatic structures. 41 A higher G/S L ratio indicates the loss of aromatic carbon structures with the progressive removal of oxygen-containing functional groups. A greater G/S L ratio also suggests a stronger contribution of graphitic moieties with higher environmental stability upon HNO 3 treatment of PDMS/ camphor soot composite surface. 48 The G/S L ratio of acid etched composite surface (6.0) is higher than untreated PDMS composite lm (2.9) demonstrating a relatively lower oxygen content with high thermal and structural stability.
Mechanical test using the atomic force microscope
It is essential to measure the mechanical properties of such coated surfaces, particularly when they get exposed to external harsh environment. Therefore, using AFM, we have investigated the mechanical properties at the level of nanoscale. Graphical representation for the calculation of mechanical properties such as stiffness 'd', work of plastic deformation 'W plastic ' and effective work of adhesion 'W adhesive ' extracted from typical force-displacement curves are illustrated in Fig. 9 . The AFM tip was considered as the probe used to perform the force measurements. [49] [50] [51] [52] [53] As an example, Fig. 10 shows obtained force-displacement curves of four different samples recorded by using AFM tip. The plastic work W plastic and the effective adhesive work W adhesive are given by the integrals of the y axis (force) with the x-axis (distance) on approach and retract, respectively (highlighted areas in Fig. 9 ). In addition, depth of indentation of four different samples is also comparatively illustrated in Fig. 10 and 11 .
As illustrated in Fig. 10a , plain PDMS/camphor soot composite surface was indented by almost 600 nm with a maximum indentation load of 300 nN. However, PDMS/ camphor soot composite surface healed by temperature via oxygen plasma treatment shows 500 nm depth of indentation. Accordingly, the slope of the upper portion of the unloading curve during the initial stages of unloading illustrates the stiffness of the material. It is observed that plain PDMS composite surface was much steeper than healed PDMS/ camphor soot composite surface. Thus it is conrmed that healed PDMS composite surface (obtained PDMS composite surface aer 12 no's of etching-healing cycles) is more mechanically stronger than plain PDMS composite sample. It has long been known that to amend the surface properties of PDMS composites, different techniques can be employed that involve physical or chemical treatments. Particularly O 2 plasma etching has been widely used to modify the surfaces of PDMS. However, the characteristics of O 2 -plasma-modied PDMS surfaces progressively change during aging, and the surface recovers its hydrophobicity. Particularly, during the heatingetching process, the top portion of PDMS composites gets signicantly oxidized. 54 In addition, during heating-healing cycles, the PDMS composite generates more roughened surface and agglomeration of silica particles, which enhances the mechanical strength of composites. Similarly, W plastic and W adhesive also play important role in the force measurements curves of PDMS composites. An increase in the W plastic (250 fJ) of the healed PDMS composite surface is observed for the formation of silica network. It results in more plastic deformation of the sample. For materials with a low W plastic can result in signicant decrease in the composite's elasticity. Furthermore, work of adhesion (W adhesive ) is an essential factor, which signies the adhesion between the tip and composite surface during retraction stage. A decrease in work of adhesion of 15 fJ for PDMS composite surface signies that less amount of work is required to break the contacts between the AFM tip and composite surface. During retraction, surface forces are predominantly van der Waals. Consequently, the results from the individual force-displacement curves showed a broader span of W plastic and W adhesive leading to increased error bar as shown in Fig. 11 .
Similarly, to test mechanical properties of 1 M HNO 3 etched PDMS composite samples; we have illustrated force measurements in Fig. 10c and d. As shown in Fig. 10c , PDMS/camphor soot composite surface healed by heating was indented by only 360 nm with a maximum indentation load of 300 nN. Furthermore, maximum depth of indentation was 300 nm for PDMS composite surface healed by both THF and heating. Aer immersion of PDMS composites in 1 M nitric acid solution for 48 h, surface undergoes degradation and cracking due to chemical attack. Furthermore, HNO 3 degrades the amorphous components and leaving the crystals intact. Upon heating at 50 C for 30 min, the damaged surface undergoes rearrangement, which results in the enhancement of superhydrophobicity. It is clearly observed that depth of indentation for healed sample for HNO 3 etched sample and plain PDMS composite is nearly equal. It was also observed that plain PDMS composite surface was much steeper than PDMS/camphor soot composite surface healed by temperature and both THF/temperature treatment. Hence, it is conrmed that healed PDMS composite surface (both obtained PDMS composite surface healed by heating only and THF/heating) are more mechanically stronger than plain PDMS composite sample. 55, 56 During heating-healing cycles, the PDMS composites generate the long chain of silica molecules, which results in the enhancement of hardness. A decrease in the W plastic of 48 fJ for the healed PDMS composite surface by heating only signicantly demonstrates low hardness of the sample. As a result, low hardness generates more elasticity of the sample. In contrast, PDMS composite surface healed by both THF/heating shows enhanced W plastic . Upon THF treatments of HNO 3 etched PDMS composites, surface swells and further enhance the diffusion pathways and thus allowing the THF to more freely permeate through the PDMS matrix to etch away the oxide particles embedded in the matrix. Further, upon heating for 5-10 s, surface enhances the smoothness. In addition, work of adhesion (8 fJ) for PDMS composite surface healed by heating and THF/heating is signicantly reduced compared to plain PDMS composite samples. Hence, for particular industrial application, samples can be adjusted for optimum repellency (water) or mechanical stability.
Conclusions
In summary, by combining the spraying technique and solution immersion process, we have fabricated a durable and self-healing superhydrophobic PDMS/camphor soot composite coating on a glass slide and stainless steel substrates. The resultant coating shows a robust resistance upon several sand abrasion tests and reveals excellent superhydrophobicity with a low sliding angle. The PDMS/camphor soot composite surface is comprised of the combinations of micro/nano-structures and low surface energy chemical compositions. The O 2 plasma treatment adversely affected the surface chemistry and structures although the same were restored along with its superhydrophobicity through a simple heating process. The self-healing ability of PDMS/camphor soot composite surface is caused by the reorganization of surface structure and generation of low surface energy molecules. The surface modication of PDMS/camphor soot composite surface was achieved by the treatment of 1 M HNO 3 solution. The surface layer of the composite was immediately oxidized and turned hydrophilic. The same surface healed and illustrates superhydrophobicity upon simple heating for 35 min. However, it is observed that the same HNO 3 etched PDMS/camphor soot composite surface healed upon THF treatment followed by heating for 5 min. In addition, we have investigated the mechanical force measurements between the AFM tip and PDMS composite surface. We have also measured mechanical properties such as stiffness, plastic work of indentation, effective work of adhesion and depth of indentation self-healing PDMS composites. We have shown that the depth of indentation for PDMS composite surface is more than healed PDMS composite surfaces. Similarly, optimum mechanical stability at the cost of slightly reduced repellency against water is achieved by exposure of samples to oxygen plasma etching and 1 M HNO 3 etching process. Finally, the results clearly suggest that the micromechanical properties of self-healed PDMS composites modied by the O 2 plasma etching and acid etching are reduced compared to plain PDMS composites. For a better understanding of such an effect, investigations about the plasticity and elasticity of etched surfaces could be undertaken as future study. We believe that this novel method for developing self-healing PDMS/ camphor soot composite surface can be used for several important applications. View Article Online
